We accurately analyze the 6 He+ 209 Bi scattering at 19 and 22.5 MeV near the Coulomb barrier energy, using the continuum-discretized coupled-channels method (CDCC) based on the n+n+ 4 He+ 209 Bi four-body model. The three-body breakup continuum of 6 He is discretized by diagonalizing the internal Hamiltonian of 6 He in a space spanned by the Gaussian basis functions. The calculated elastic and total reaction cross sections are in good agreement with the experimental data, while the CDCC calculation based on the di-neutron model of 
In the recent measurements of 6 He+ 209 Bi scattering at 19 and 22.5 MeV near the Coulomb barrier energy [1, 2] , large enhancement of the α-emission cross section, which dominated the total reaction cross section, compared with that for the corresponding 6 Li-induced reactions was reported. In order to clarify the nature of the enhancement, Keeley et al. [3] analyzed the scattering by means of the continuum-discretized coupled-channels method (CDCC) [4, 6, 7] that is a fully quantum-mechanical method for describing scattering of a three-body system. In the analysis, the 6 He+ 209 Bi system was assumed to be the 2 n+ 4 He+ 209 Bi three-body system, that is, the neutron pair in 6 He was treated as a single particle, dineutron ( 2 n). They found that the enhancement of the total reaction cross section of the 6 He+ 209 Bi scattering was due to the electric dipole (E1) excitation of 6 He to its continuum states, i.e. Coulomb breakup processes of 6 He, which was approximately absent in the 6 Li+ 209 Bi scattering case. Their calculation, however, did not reproduce the angular distribution of the measured elastic cross section and overestimated the measured total reaction cross section by a factor of three. Thus, reaction mechanisms of the 6 He+ 209 Bi scattering are not fully understood.
In the very recent work [8] , it was reported that the elastic cross sections of the 6 He+ 209 Bi scattering calculated within the same framework as in Ref. [3] with the strength of the dipole coupling potentials multiplied by 0.5 reproduced the experimental data. This indicates that the E1 excitation strength of 6 He cannot be accurately reproduced by the 2 n+ 4 He model. Since 6 He is well known as a twoneutron halo nucleus, its structure should be described by the n+n+ 4 He three-body system rather than the 2 n+ 4 He twobody one. Thus, it is necessary to analyze the 6 He+ 209 Bi scattering by using the n+n+ 4 He+ 209 Bi four-body model. Furthermore, a fully quantum-mechanical method such as CDCC is highly required to analyze the scattering near the Coulomb barrier energies in which both nuclear and Coulomb breakup * Electronic address: taku2scp@rarfaxp.riken.jp processes are significant.
In our previous work [9] , we proposed four-body CDCC that is the extension of CDCC and describes four-body breakup processes. In four-body CDCC, the three-body breakup continuum of the projectile is discretized by diagonalizing the internal Hamiltonian in a space spanned by the Gaussian basis functions. So far the Gaussian basis function was used with success for solving bound-state problems of few-body systems. The approach is called the Gaussian expansion method (GEM) [10] . The application of the Gaussian basis function to the discretization of breakup continuum is a natural extension of GEM. In general, the method that describes the breakup continuum by a superposition of L 2 -type basis functions is called the pseudostate method [11] , and other basis functions have been also proposed so far [12, 13, 14] . Four-body CDCC was successfully applied to 6 He+ 12 C scattering at 18 and 229.8 MeV in which only nuclear breakup was significant. The elastic and breakup cross sections calculated with four-body CDCC are found to converge as the number of Gaussian basis functions is increased [9] . This indicates that the set of discretized continuum states obtained by the pseudostate method with GEM forms an complete set with good accuracy in a finite region of space that is important for the four-body reaction process concerned. Furthermore, in Ref. [15] , applicability of CDCC with the pseudostate method to Coulomb breakup processes, in which large modelspace of the projectile is required because of the long-range property of Coulomb coupling potentials, was shown for the 8 19 and 22.5 MeV by means of four-body CDCC. This is the first application of four-body CDCC to low-energy scattering in which both nuclear and Coulomb breakup processes are significant. We show that four-body CDCC reproduces the measured elastic and total reaction cross sections reasonably well. Effects of four-body breakup processes on the elastic scattering are investigated through the dynamical polariza-tion (DP) potential. We discuss the reason why the di-neutron model of 6 He is insufficient to describe the 6 He+ 209 Bi scattering.
We assume that the 6 He+ 209 Bi scattering is described as the n+n+ 4 He+ 209 Bi four-body system. The model Hamiltonian of the system is defined by
where R X (R) is the coordinate of particle X (the centerof-mass of 6 He) relative to 209 Bi, K R is the kinetic energy associated with R, and H 6 is the internal Hamiltonian of 6 He. The potential U nBi (U αBi ) represents the interaction between n ( 4 He) and 209 Bi. It should be noted that U αBi contains a Coulomb part that causes Coulomb breakup processes in the 6 He+ 209 Bi scattering. In four-body CDCC, the total wave function of the four-body system is expanded in terms of a finite number of the internal wave functions of the 6 He projectile. The internal wave functions including the bound and discretized-continuum states are generated with GEM as mentioned above. In GEM, the n th eigenstate Φ nIm of 6 He with the total spin I and its projection on the z-axis m is written as
where c denotes a set of Jacobi coordinates shown in Fig. 1 .
nIm is then expanded in terms of the Gaussian basis functions:
where λ (ℓ) is the angular momentum regarding the Jacobi coordinate y c (r c ), and η 1/2 is the spin wave function of each valence neutron (n 1 or n 2 ). In actual calculation we truncate λ and ℓ at appropriate maximum values, λ max and ℓ max , respectively. The Gaussian range parameters are taken to lie in geometric progression:
The eigenstate Φ nIm of 6 He is antisymmetrized for the exchange between n 1 and n 2 ; we then have A
iλjℓΛS and (−) λ+S = 1 for c = 3. Meanwhile, the exchange between each valence neutron and each nucleon in 4 He is treated approximately by the orthogonality condition model [16] . The eigenenergies ǫ nI of 6 He and the corresponding expansion-coefficients A (c)nI iλjℓΛS are determined by diagonalizing H 6 [17, 18] .
Using the internal states of 6 He thus obtained, we expand the total wave function of the n+n+ 4 He+ 209 Bi four-body system with the total angular momentum J and its projection on the z-axis M , Ψ JM :
and L is the orbital angular momentum regarding R; below we denotes the channels {n, I, L} as γ. The expansion-coefficient χ J γ represents the relative motion between the 6 He projectile and the 209 Bi target and P nI is the corresponding relative momentum. Multiplying the four-body Schrödinger equation
from the left and integrating over all variables except R, one obtains the set of coupled differential equations for χ
where the coupling potential U γ ′ γ (R) is defined by
and µ is the reduced mass between 6 He and 209 Bi. We obtain the elastic and discrete breakup S-matrix elements by solving Eq. (7) under an appropriate asymptotic boundary condition [4, 19] . Details of the formalism of CDCC are shown in Ref. [4] . 6 He, we adopt the same Hamiltonian as used in Ref. [9] . We show in Table I the maximum values of the internal angular momenta, λ max and ℓ max , and the Gaussian range parameters,ȳ 1 ,ȳ max ,r 1 , andr max , used in the calculation of Φ nIm . For each set of {c, λ, ℓ, Λ, S}, we take i max = j max = 10. These values of the parameters are found to give good convergence of the calculated elastic and total reaction cross sections. It should be noted that the maximum value of each Gaussian range parameter is 15 fm, which is quite larger than that used in the four-body CDCC analysis of 6 He nuclear breakup [9] , i.e. 10 fm. Some parameters shown in Table I depend on I π and c, while in Eqs. (3)-(5) the dependence has not been shown for simplicity.
We select the Φ nIm with ǫ nI ≤ 7 MeV among those obtained by diagonalizing H 6 and use them in actual CDCC calculation, since the Φ nIm with ǫ nI > 7 MeV are found to have no effect on the calculated cross sections of the 6 He+ 209 Bi scattering shown below. The resulting number of the discrete states for the 0 + , 1 − , and 2 + states is 37 (including the ground state of 6 He), 44, and 53, respectively. As for the nuclear parts of U nBi and U αBi , respectively, we take the optical potentials of Koning and Delaroche [20] and of Barnett and Lilley [21] . The maximum value of L is taken to be 200 and the scattering wave function χ J γ is connected to its appropriate asymptotic form at R = 200 fm.
Below we show also results of CDCC calculation based on the 2 n+ 4 He+ 209 Bi three-body model to see three-body breakup effects on the elastic and total reaction cross sections. In this model the di-neutron ( 2 n) model of 6 He is used and the intrinsic spin and the relative energy of 2 n are assumed to be zero. We henceforth call CDCC based on the model above three-body CDCC. As for the interaction between 2 n and 4 He, we take the same parameter as used in Ref. [3] . The 2 n+ 4 He continuum is discretized by the pseudostate method described in Ref. [11] and truncated at the relative momentum k = 0.7 fm −1 that corresponds to about 7 MeV of the excitation energy of 6 He. The number of the discrete state is 9 for each of the 0 + , 1 − , and 2 + states of 6 He. The range parameters of the Gaussian basis functions are (a 1 = 0.5 fm, a na = 20.0 fm, n a = 20) with the same notation as in Ref. [11] . We adopt the optical potential of Barnett and Lilley [21] for the nuclear part of U αBi , as in the four-body CDCC calculation, and the d-208 Pb (type-a) optical potential at the deuteron incident energy of 15.0 MeV [22] for the interaction between 2 n and 209 Bi. Other parameters of the modelspace are the same as in the four-body CDCC calculation. Figure 2 shows the angular distribution of the elastic differential cross section for the 6 He+ 209 Bi scattering at 19 MeV. The solid line is the result of four-body CDCC and the dashed line is that of three-body CDCC. The results of four-body CDCC and three-body CDCC without breakup effects of 6 He are shown by the dotted and dot-dashed lines, respectively. The difference between the solid and dotted (dashed and dotdashed) lines shows effects of the four-body (three-body) breakup on the elastic cross section. One sees that four-body CDCC reproduces the experimental data well, while threebody CDCC underestimates the data at middle angles of 50
• - 
100
• . The dashed line is consistent with the result of Ref. [3] ; it should be noted that the real part of each coupling potential was multiplied by 0.8 in Ref. [3] , while in the present study such a renormalization factor is not included. Figure 3 shows the result at 22.5 MeV and features of the result are just the same as at 19 MeV.
We show in Fig. 4 the fusion cross sections [23] , while the solid squares are the total reaction cross sections evaluated from an optical-model analysis of the measured elastic cross sections [1] . The figure shows that three-body CDCC overestimates the experimental data by a factor of about three. This overestimation is consistent with the fact that three-body CDCC underestimates the elastic cross section as shown in Figs. 2 and 3 . On the contrary, four-body CDCC reproduces the experimental data quite well, which shows the importance of the accurate description of three-body breakup continuum of 6 He. The remaining difference of about a few tens of % between the results of four-body CDCC and the data needs further investigation, including analysis of 6 He+ 208 Pb scattering in barrier-energy region [24] .
In order to clarify the reason why the total reaction cross section calculated with three-body CDCC is much larger than that with four-body CDCC, we see first the strength of E1 transition based on the two models. The non-energy weighted E1 excitation strength B(E1) from the ground state Φ 000 of 6 He to its excited states Φ nIm with I = 1 is given by
The summation over n is taken up to a value that corresponds to the excitation energy of 6 He of 7 MeV, i.e. the maximum energy of the modelspace of the present analysis. The resulting values of B(E1) based on the 2 n+ 4 He model and the n+n+ 4 He model are, respectively, 1.5 e 2 fm 2 and 0.9 e 2 fm 2 . The latter agrees well with the experimental value reported by Aumann et al. [25] , which is consistent with the conclusion in Ref. [26] . Thus, the E1 strength is overestimated in the di-neutron model. This indicates that the di-neutron model overshoots the breakup cross section of the 6 He+ 209 Bi scattering, which is the main reason why three-body CDCC overestimates the result of four-body CDCC, hence the measured total reaction cross section. This conclusion is qualitatively consistent with that drawn in Ref. [8] , in which, as mentioned above, three-body CDCC with the strength of the dipole coupling potentials multiplied by 0.5 was shown to reproduce the elastic scattering data of the 6 He+ 209 Bi scattering. Next we discuss the difference of the optical potentials taken in the 2 n+ 4 He+ 209 Bi three-body model and the n+n+ 4 He+ 209 Bi four-body model. As one sees in Figs. 2 and 3, the elastic cross section without breakup effects calculated with the three-body model underestimates that with the fourbody model. This means that the diagonal component of the imaginary potential in the elastic channel based on the threebody model is deeper than that on the four-body model. Thus, the three-body model yields an absorption cross section larger than the four-body model does. This is also an important factor for the enhancement of the total reaction cross section calculated with three-body CDCC.
Finally, we see the difference between three-body CDCC and four-body CDCC in more detail by evaluating the dynamical polarization (DP) potential U eq . It should be noted that the figure shows the potentials only in the peripheral region, i.e., 10 fm ≤ R ≤ 30 fm, where the scattering wave has nonnegligible values. The results correspond to J = 10 at which the partial reaction cross section becomes maximum. It is confirmed that the DP potential hardly depends on J around J = 10 in
